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A new process for the direct production of Aluminum lithium alloys 
in fluoride melts using low cost lithium oxide as a lithium source was 
investigated. Lithium was electrolytically deposited from 4LiF.CaF2 
+Li 20(sat.) electrolyte using a graphite anode and liquid aluminum 
cathode. From the point of extraction of metals from oxides in 
fluoride melts, the solubility of the oxide in the fluoride melt is 
important since it is the dissolved oxide which reacts with the 
electrodes to form the metal. The solubility of Li 2o was fo,nd to 
increase from 10.6 wt.I at 1058K to 14.8 wt.I at 1133K ~, this was 
sufficient to attempt further experimental investigati ons on the 
electrolysis process. The overvoltage on the graphite anode was 
measured as a function of applied current density to obtain a deeper 
insight into the reaction mechanisms at the anode. A two electron 
charge transfer reaction at the anode in the Tafel region and a 
limiting current density phenomenon above 0.37 A/cm2 was observed. The 
oxyfluoride complex species was predicted to be predominantly Li0F2-. 
The effect of temperature and electrolyte composition on the cell 
efficiency was studied. An optimum temperature of 1121K with 
4LiF.CaF2+Li 20(sat.) electrolyte showed the highest cathode current 
efficiency. The cathode current efficiency increased with increasing 
wt.I of LiF in the electrolyte and an optimum value of 361 was 
obtained for the cathode current efficiency at 1130K. The liquidus 
- ·- temperature of the electrolyte decides the process temperature and 
attempts to reduce the liquidus temperature by the addition of 
vi i 
• 
f l uoride compounds would improve the efficiency of t he cell. This 
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1. Introduction 
The use of light-weight aluminum lithf m alloy air-frame structures in 
civil and military aircraft are projected to increase from 15 pct. in 
1990 to 33 pct. by 1995 (1). The increase in demand was due to 1) 
rapid escalation of fuel costs 2) higher thrust for more fuel 
efficient aircraft and 3) improved structural properties for Al-Li 
alloys over the existing Al alloys. Reduction in aircraft weight is 
one means of decreasing fuel consumption. Because aluminum alloys 
comprise 80 weight percent of this airframe, development of low-·, 
density structural aluminum alloys have been of signif/ cant interest. 
Lithium improves both modulus and density when alloyJ with aluminum. 
Each weight percent lithium added t o an alloy reduces the density 3 
percent and increases the elastic modulus by 6 percent (2). Recent 
studies show that addition of lithium to aluminum also improves the 
corrosion resistance (3). The present co11111ercial method for produc-
tion of aluminum-lithium alloys is by powder metallurgy or melting and 
casting methods involving \he use of pure metall'ic lithium, the latter 
being added to the molten aluminum (1). Production of aluminum-
lithium alloys by mixing the pure metals is an energy intensive and 
expensive process. The relatively high prices for high-purity lithium 
metal is an important factor in the cost of producing Al-Li alloys. 
To avoid the necessity of preparing high-purity lithium, a new process 
has been investigated to prepare aluminum lithium alloys by in-situ 
electrolysis of lithium oxide in fluoride electrolytes. 
• 
_ .. ... 
Presently, all lithi1.111 metal is produced by electrolysis of 
lithium fluoride and aluminum lithium alloys are produced by the 
mixing of constituent melts (1). It requires approximately 6 pounds 
of LiCl to make one pound of lithium metal (4) and at present the 
·world production of the metal fs about 500 tons.The current pricing of 
1 i thi um is$ 18. 50 per pound ( 5 l depend f ng on sodium content. The high 
price of the metal fs due to the concentration of the element in the 
raw material , the energy required to liberate the element and the 
sales volume. 
...., 
The principle objective of the described research 1s to/ develop 
physico-chemical information that can be applied to the d.:i-/ect 
production of alwainum-lithium alloys for use in the manufacture of 
high-strength, low-density structures. Specifically, the following 
fundamental information was determined by experimental investigation: 
ll The solubility of u 2o in LiF-CaF2 electrolyte as a function of 
temperature. The solubility of Li 2o in the fluoride melt must be 
significant because it is only the dissolved oxide in 'the complex 
oxyfluoride form which is available for reduction at the anode during 
electrolysis. 2) The anodic overvoltage on graphite during 
electrolysis of fluoride electrolyte plus li t hium oxide melts. Anode 
reaction mechanism was determined and the nature of the complex 
oxyfluoride species was predicted.3) Efficiency of electrolysis was 
determined as a function of temperature and composition of 
electrolyte. 
2 
2. PREVIOUS WORK 
2.1 Solubility of Oxides in Halide Melts 
To study the viability of a process for obtaining metal from 
its oxide, it is necessary to obtain sufficient information on the 
solubility characteristics of the oxide in the fluoride melt. While 
extensive studies have been done for A1 2o3-cryolite systems(6-9), very 
little work has been done for other oxide-halide systems . 
Belyayaev (10) found that mixed fluorides, particularly cryolite, 
(Na3A1F6) are good solvents for metal oxides while Stern (11) found 
3 
that molten chlorides have a very limited solubility for metal oxides ). ;7 
Haupin (12) studied the solubility of Al 2o3 in AlC1 3-LiCl melts and 
/ ' 
predicted a simple model for the reaction between the oxide and 
chloride to form the dissolved species. He predicted the dissolved 
species to be AlOCl and found that the Al 2o3 solubility increases with 
the cube root of activity of AlC1 3. Wai and Blander (13) studied the 
solubility of Al 2o3 in eutectic LiCl-KCl containing dissolved AlC1 3 
using a proton activation technique. The presence of AlO+ complex 
species in the melt was identified and a formation constant for the 
+ AlO complex was deduced. From the solubility data, they obtained a 
value of 300KJ/mole for the specific bond free energy for the AlJ+ and 
o2- ions. 
Suito and Gaskell (14) measured depression of freezing points of 
MgF2, BaF2 and CaF2 due to addition of different oxides. Activities 
of several oxides in fluorides as a function of liquidus composition 
-·~· 
was calculated. They found that the results obtai ned with infrared 
-·~-
absorption technique are in good agreement with their proposed theo-
retical model. The solubility of rare earth oxides in cryolite-
alumina based melts were investigated (15). gression equations for 
the dissolution of La2o3, Ceo2 and v2o3 as a function of temperature 
~nd cryolite alU11ina ratio were obtained. The solubility of above 
oxides studied increased with increasing temperature and with 
decreasing cryolite-alumina ratio. Collected data on solubility of 
several oxide fluoride systems are tabulated in Table 1. From the 
, able it is observed that the solubility of rare earth oxides in 
fluoride melts is in the range of 2 to 3 weight Sand 
wt. i solubility of lithium oxide fs required for the 
feasible. 
a minimum of 2 
proces';?o be 
/-
2.2 Production of Metals and Alloys from Oxides 1n Fluoride Melts 
The success of the Hall Heroult process for the production of 
aluminum metal from aluminum oxide in a fluoride bath led to attempts 
by several investigators to obtain rare earth metals and alloys from 
oxides in halide melts (16). Due to the high melting temperatures of 
rare earth metals like yttrium, gadolinium and dysprosium, it was 
extremely difficult to prepare these metals with high purity by fused 
salt electrolysis. The high working temperatures (1573K) of the cell 
created numerous problems like higher reactivity of the metal with 
electrolyte, carbon contamination and higher volatility of electrolyte 
(16). In the case of samari1a metal, although the melting point was 
low (lJOOK),direct deposition of metal was less successful, due to the 
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Several investigators have reported the successful deposition of 
metals by forming low melting alloys. Generally tree methods have 
been used .for the production of rare earth alloys by electrolysis: 
a) El ectrodepositing the rare earth metal into a liquid cathode pool 
by alloying with a lower melting metal such as cadmiU111, zinc, 
magnesium and aluminum. 
b) Electrodepositing rare earth metal on a solid metal cathode to 
for• a liquid alloy. 
c) Codepositing metals from mixtures of respective oxides. 
·7 
Bratland and Gro jtheim(l9) measured the curr ent density of J~ 
and Y-Al cathodes as a function of electrolyte composition. An 
optimum current density of 0.5 A/cm2 for Y-Mg alloys in equilibrium 
with the electrolyte composition of 3 LiF.YF3 at 1033K was obtained. 
The rate at which yttrium metal formed was found to be higher than the 
rate of transport of yttrium into the bulk cathode. Production of 
alloys with composition of 49 to 511 Yin Y-Mg and 28 to 721 Y in Y-Al 
alloy containing LiF.YF3 electrolyte in the temperature range of 998 
to 1373K were reported. Boe (20) reported the maximt.an yield of 
27.931 Yin Y-Al at 1273K with 3 LiF.YF3 electrolyte. The rate 
determining step was the transport of YA1 2 from the cathode surface 
into the bulk of the cathode alloy . The current efficiency of the 
cell was increased by increasing the specific density of the 
electrolyte. decreasing cathode current density and stirring the -· ..... -
ca th ode poo 1 . 
6 
Several reports (16, 17, 20, 21) were published on production of 
rare earth 111etals Dy, Gd, La, Ce, Nd, Sm, Pr, Y or mischmetal using 
consumable cathode metals Fe, W, Ni, Mn and Cr with ReF3.LiF elec-
trolyte mixture containing the oxide feed. Current efficiencies in the .. 
range of 27 to 78S were achieved. They concluded that the lower 
efficiencies are due to 1) the higher reactivity of metal with the 
electrolyte and 2) the higher stability of the divalent salt (17). 
Codeposition of Y-Al alloy from a mixture of v2o3 and Al 2o3 feed in 
LiF.YF3 melt was reported (20). 
Aamland et al. (22) developed a magnesium cathode cell 
for preparing Y-Mg alloy using v2o3 inside feed in a mixture of 
3LiF.YF3 electrolyte. Alloys with yttrium content as high as 55.6% 
were prepared. The current efficiency varied from 25.8 to 60.3%. The 
maximum current efficiency was obtained in the temperature range of 
1073 to 1173K at a cathode current density less than 2 A/cm2. Butorov 
and Novikov (23) prepared yttriunt-zinc alloys with 1.2 to 3.9% Y using 
a mixed chloride-fluoride melt. A current efficiency of 90S was 




3.0 SOLUBILITY OF LITHIUM OXIDE IN L1F-CaF2 MELTS 
3.1 Preliminary Analysis 
The phase diagram of the Al-Li system (24-26) contains an 
-eutectic occurring at 9.9 wt. S (30 mole S) Li with a melting point of 
~ 
873K. Liquid compositions exist between pure aluminum and alloy 
(86 wt. i Al - 14 wt. S Li) at a temperature of 933K. The phase 
diagram of the Li F-CaF2 system (25,27) has a single eutectic at 55.6 
wt. S liF (79 mole S) and 44.4 wt. S (21 110le S) CaF2 with a melting 
point of 1033K. 
3.2 Experiment al 
The solubility of lithium oxide (Li 20) was investigated as a 
function of temperature i n the range of 1058 to 1133K in 4liF.CaF2 
electrolyte. The liquidus freezing temperature of ternary 
Li 20-LiF-CaF2 melt was measured. The experimental methods used and 
the results obtained are discussed in the following sections. 
3.2.1 Materials 
Calcium Fluoride (99.9%) pure was obtained from Fisher 
Scientific Co., Lithium Fluoride (99.9S) pure was obtained from Foote 
Mineral Co., PA and Lithium Oxide (99.SS) pure and< 0.6 cm size was 
obtained from Cerac Inc., Milwaukee, WI. 
3.2.2 Procedure 
The apparatus used for the solubility studies consisted of a 
11.5 cm diameter stainless steel charmer with ports for evacuation, 
8 
-·-
argon gas outlet and for oxide additions. The chamber was heated by a 
10cm diameter Kanthal wire-wound cylindrical resistance furnace. A 
sectional view of the set up used for solubi ty studies is given in 
Figure 1. 
Calcium fluoride and lithium fluoride were weighed and mixed in 
stoichiometric proportions of 4:1 to form 75 grams of CaF2-LiF mixture. 
The mixture was dried in dynamic vacuum at 423K for 6 hours and then 
• 
melted at 1073K under a dry argon atmosphere for one hour in a graphite 
crucible. As shown fn fig. 2, conmercial argon gas fs passed t hrough a 
train of concentrated sulfuric acid and anhydrous calcium ch 0 ide and 
then through two heated alumina tubes cont aining copper a~a,{itanium 
chips respectively to maintain a dry argon atmosphere in the 
chamber.The liquid electrolyte mixture di d not wet the graphite 
crucible and lost in the form of vapors only 0.2 to 0.31 of its 
original ..weight after melting. The solidified mixture was crushed and 
I 
remelted under dry argon atmosphere at the required temperature till a 
homogenous melt was obtained. 
The temperature of the melt was measured by immersing a Pt-Pt/Rh 
l0S thermocouple connected to a digital thermometer with a resolution 
of 0.lK and all experiments were done by placing the crucible in the 
constant temperature zone of the furnace. A sample of the melt was 
withdrawn through a graphite tube. LithiU11 oxide, 201 by weight of 
electrolyte mixture (15 g) was added to the melt. The molybdenum tube 
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.J 
by immersing into the melt to provide a stirring effect. Samples were 
withdrawn through a graphite tube at selected time intervals after the 
• addition of oxide. At le st 10 minutes prior to each sampling, the 
Molybdenum tube was lifted above the melt to allow the undissolved 
oxide particles to settle. The solidified samples were ground to less 
than 100 mesh size in an alundUII vial, to obtain a homogenized mixture 
and the powder was analysed for the constituent elements, i.e. Ca, Li, 
F, and 0. 
3.2.3 Chemical Analysis 
part 
Chemical analysis of the individuaJ'7elements formed a critical 
of the investigat ions. An inert_g.J fusion technique was used for 
the determination of Oxygen. A LECO oxygen analyser was used. The 
method (18) consisted of reacting the sample with a graphite crucible 
at about 2273K. The CO gas evolved was passed through a series of 
traps to absorb the volatalized fluorides. The oxygen level in the 
sample was determined by comparing with a purified helium gas stream by 
thermal conductivity methods. Three determinations were made for each 
sample and the average values were reported. An error of +0 . 5% in the . -
measurement of oxygen values were reported. Samples withdrawn prior to 
the addition of Li 20 had a blank of 0.12 to 0~16 wt. i oxygen. All 
samples were dried in dynamic vacuum at 423K for 6 hours prior to 
analysis. Calcium and Lf were analysed by atomic absorption spectro-
photometry by dissolving the samples in AlC1 3-HCl solution (28). 
Interferences from Al were reduced by additions of 1% potassium as KCl. 
A nitrous oxide-acetylene flame was used for the determin.ation of Ca . 
• 
12 
_ .. .... 
Fluorine was determined by selective ion electrode method using a 
Corning Fluoride electrode (28). 
X-ray diffraction studies were performed on the solidified elec-
trolyte samples. A copper Ko< radiation ( t\= 1.5405 A•) was used . ... 
X-ray diffraction patterns of the samples were compared with reagent 
grade (99.9% purity) LiF, CaF2, Li 2o and synthetic 4LiF.CaF2 mixture. 
All samples showed no evidence of undissolved Li 2o or any other Li 
compounds, indicating oxygen in the melts were totally in the dissolved 
form. -, 
3.2.4 Liguidus Temperature of 4LiF CaF2 ~0 ( sat.j , 
) 
In order to determine the opt imum temperature for electrolysis 
of u 2o in 4UF CaF2 melts. the liquidus temperature of 4LiF CaF2 + 
Li 20 (sat) melt was determined. The same set up as given in Figure 1 
was used. Temperature was measured by a 0.04 nm diameter Pt-Pt/13%Rh 
thermocouple enclosed and grounded by a thin inconel sheath. The melt 
was held at 1093K for 6 hours to make sure the complete solution is 
formed after the addition of excess Li 2o. The melt was cooled at the 
rate of 0.5 degree K/minute by adjusting the temperature controller 
setting. The melt was kept stirred by bubbling purified argon gas 
through a molybdenum tube throughout the experiment at the rate of 100 
cm3/min. Three sets of heating and cooling cycles were performed. A 
liquidus temperature of 1004.5 + 2.5 was obtained with a thermal arrest 
time of 3.5 to 4.6 minutes as shown in Table 2. The cooling curve for 





TABLE 2. LIQUIDUS TEMPERATURE OF 4LiF.CaF
2 
+ Li 20 (sat.) MELT 
Melt 
Compos1t1on 
4L 1F .CaF 
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arrest time of 4.6 minutes is shown in figure 3. 
3.3 Results and Discussion 
The solubility of Li 20 was measured as a function of temperature 
in the range of 1058 to 33K and the reaction time of up to 6 hours 
was found for the eutectic composition of 4LiF.CaF2 liquid electrolyte 
melt . The results showed that about four hours were required to reach 
the equilibrium saturation of Li 20 with the melt. The experimental 
data and thermodyn~mic data of Li
2
0 in the melt as a function of 
temperature are presented in Tab 1 e 3. As seen from -t;e tab 1 e, the 
solubility of Li 20 increases with increase in tem~j ature of the melt. 
For example, the solubility of Li 2o increased fr6m 10 .63 wt. i at 
1058K to 14.82 wt. i at 1133K. The calculated mole fraction of Li 20 
in the melt as a function of temperature is plotted in figure 4. A 
linear relationship between ln mole fraction of Li 20 and temperature 
was obtained, and is given by: 
= 2.411 - 4567.8 t 
with a correlation coefficient of 0.98. 
( 1) 
A comparison of collected values for the solubi l ity of different 
oxides in fluoride melts is shown fn Figure 5. Higher solubility of 
Li 20 in fluoride melt compared to the other oxides is observed. 
Because of different molar ratios of oxide to fluoride in the 
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Fig. 3 Cooling curve for 4LiF.CaF?+Li 20(sat.) 





TARLE 3. SOLUBILITY, ACTIVITY ANO ACTIVITY COEFFICIENT OF 
L120 IN 4LfF.Cdr 2 MELTS FOR SEVERAL TEMPERATURES. 
1 104 
Temp T X L120 XL1 0 lnXLf 0 ~f 0 (K-1) al1 0 (K) wt .i 2 2 2 2 
.... 
1058 9.450 10.63 0 .147 -1.917 0.080 0.543 
1078 9.276 11.66 0 .159 -1.839 0.090 0.566 
) 093 9 .149 13.20 0 .176 -1.737 0 .099 0.563 
1113 8.985 14.22 0 .18 7 -1.676 0 . 111 ·-, 0.594 
I 























8 .5 9.0 9.5 
1 /T X 10 4 K- 1 
Fig 4. Variation of 1n mole fraction of Li 
2
0 





















- 8 .0 
1600 
t. Li20 
0 uo 2 
* Nd20 3 Ce02 
La 20 3 
* Y2Q3 
* Y20 3 
@ 
Temperature (K) 
1400 1200 1000 
in 4LiF.CaF f (preset work) 
in UF 4 -Ba 2 -LiF 18) 
in NdFJ -LiF (16) ~ 
in CeFJ -BaF2 -LiF [18f 
in LaF3-BaF2-LiF 18 
in LiF.YF3 ( 19) 
in 3LiF.YF3 (19) 
~ D * 
D 
* 0 
6.0 7.0 8 .0 9.0 10.0 
1 / T X 104 K- 1 
Fig 5. Solubility of meta l oxides in fluoride 
melts as a funct ion of temperature 
\ 




In general, it can be concluded that at 1100K, the solubility of v2o3 
in LiF.YF3 is 0.082Xy203 , which is about a factor of two less than 
the Li 20 (0.175XLi 20) in 4LiF.CaF2 melts (21). 
3.3.1 Activity of Coefficient of Li 2~: 
The melting points of Li 20 and 4LiF.CaF2 are 1705 + 6K (29) and 
1042K (27) respectively. The liquidus freezing temperature as 
reported in the previous section for 4LiF.CaF2-Li 20 (saturated) melt 
is 1004.5 :_ 2.5K at 11.77 mole% Li 20. At any temperature above 1004K, 
for 4LiF.CaF2+Li 20(sat.) melt, solid Li 20 is in equilibrium with the 
liquid electrolyte. In other words, 
Li 2o (liquid, electrolyte) ---- (2) 
The partial molar free energy of Li 20 in the liquid electrolyte 
AGLi O(l ) should be equal to the molar free energy of the pure 
2 
solid , A G•Li O(s) Hence 
2 
{J.Gli o "'..1Gli 0(1) + RTlnaLi 0(1) =AGLi
2
0(s) 




where -AG•m is the free energy of fusion of Li 20 at a temperature T. 
~G·m Lin was deduced from the suggested value of heat of fusion 
, ~ "t -





following expression was obtai n~d. 
( 5) 
Combining equations 4 and 5, the activity of Li 2o at several 
temperatures was calculated. From known value of activity, activity 
coefficient of li~O Clli 20 =Qli 20/Xli 20) was calc lated and are 
tabulated in Table 3. As seen from the table, dissolution of Li 20 in 
4LiF.CaF2 electrolyte melt exhibits a non-ideal behavior and follows a 






4. ANODIC OVERVOLTAGE ON GRAPHITE DURING ELECTROLYSI S OF Li 20 in 
4L1F.CaF2 MELT 
The anodic overvoltage measurements were made with the standard 
steady state current voltage method. From the experimental data. 
Tafel cohstants . and a possible reaction ~ chanism via oxyfluoride 
complexes in the melt were derived . 
following sections. 
These are discussed in the 
"' 
4.1 Experimental 
The anodic overvoltage on graphite anode during the electrolysis/ 
of Li20 in 4LiF.CaF2 melts was studied . A schematic set up of the } 
furnace and the electrolytic ce 11 is shown in Figure 6. The circuit 
for the electrolytic cell is shown in Figure 7. The preparation of 
the chemicals was done as simi1ar to one described in the solubility 
experiments in section 3.2. The iner t gas chani>er and the argon gas 
purification apparatus used was described previously. A graphite 
anode and a graphite reference electrode (6 m dia.) was used for the 
overvoltage measurements. The temperature of the electrolyte was 
measured by a chromel-alumel thermocouple. The voltage between the 
graphite anode and the graphite reference electrode was measured by a 
Hewlett Packard multimeter with an internal resistance of 100 Mohmand 
the curr ent was measured by the potential drop across a standard 
resistance with a multimeter. The anodic polarization curve was 
obtained by increasing the applied current i n small steps and holding 
thf!._ .~ rrent at each step to obtain a steady potential . The current was 
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4.2 Results and Discussion: 
The anodic overvoltage on graphite was measured as a function of 
log current density. The experiments were done in 4LiF.CaF2 electro 
-lyte saturated with, Li 2o. Further investigation is needed to study 
the effect of Li 20 concentration on overpotential. At all temperatures 
studied, the plot of overvoltage 'l, vs log current density i showed a 
Tafel relationship (linear dependance of overvoltage on log current 
density). Such a plot generated from the exper i mental data (presented 
in Table 4) at 1103K is shown in Figure 8. A li~ar dependance of 'l, 
vs log i was observed up to 0.25 A/cm2 and a li'1iting current 
phenomenon was observed between 0.25 A/cm2 
_) 2 
the and 0.40 A/cm where 
curve deviated from the straight line. On further increasing the 
current density, abrupt changes were observed with a sharp change in 
with a small change in current density . However above 8.0 A/cm2 the 
overvoltage increased above 20 volts and sparking could be seen around 
the anode. This was due to anode effect (20) and the current returned 
back to very low values. From the straight line region of the curve 
for "Z. vs log i at 1103K as shown in Figure 8, i.e. Tafel regidn, the 
following regression equation was obtained. 
t ,. 1.01 + 0.30 log 
Above the limiting current density range (>0.4 A/cm2). the 





TABLE 4. RESULTS OF ANODIC OVERVOLTAGE MEASUREMENTS AT 1103 K 
Potential Current Current Den~ity(i) 1 og i 
(volts) ( Amperes) (Amp.fem ) 
0.040 0.002 3.80x10-3 -3.420 
0.186 0.027 5.13x10-3 -2.900 
0.252 0.034 6 .46xl0-3 -2.189 
0.315 0.051 9.51xl0-3 -2.022 
0.393 0.067 0.013 - 1.886 
0.485 0.102 0.019 -1.721 
·7 
0.520 0 .132 0. 025 f -1.600 
0.558 0.165 0.0;3) -1. 503 
0.580 0.2 11 0.040 -1. 397 
0.616 0.253 0.048 -1. 318 
0.639 0.280 0.053 -1. 272 
0.663 0.386 0.074 -1.134 
0.704 0.478 0.091 -1.042 
0.727 0.609 0.115 -0.940 
0.745 0.903 0.172 -O.J 65 
0.840 1.165 0.222 -0.655 
0.912 1.362 0.259 -0.587 
0.946 1.802 0.343 -0.465 
0.967 2.150 0.409 -0.389 
1.040 2.550 0.484 -0.315 
1.130 2.940 0.559 -0.253 
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Fig 8. Log current density as a function of 
overvoltage on graphite during electrolysis 
of 4LiF.CoF2 + Li 20 (sot.) melt at 1103K 
f\) 
---l 
'I! = 1.58 + 1.62 log i (7) 
• Experimental data was ana ysed by considering an anode reaction 
mechanism consisting of the following two steps (20): 
I. Reaction between oxygen-carrying complex and anode, with the 
transfer of two electrons: ... 
LiOxF-2 + C(gr) = LiF + COX (g)+ 2e 
-, 
where x=l for CO(g) and x2 2 for co2(g). / 
) 
/ ' 
II. Desorption of adsorbed COX: 
(8) 
(9) 
The equation relating current density and anode potential for 
step I (31) can be written as: 
(10) 
where, C is the concentration of the oxygen-carrying complex LiOxF- 2, 
K+ and K- are the rate constants for the anodic and cathodic reac-
tions, 8 is the surface coverage of COx(ad), Ethe anode potential,"< 
the transfer coefficient, R the gas constant, T the absolute 




and rearranging equation 10, we obtain equations 11 
and 12. 
and the overvoltage 
i,, = E - E• 
Equation 10 transforms to: 
1 • 10 ~i:g
0
1 exp (2-CF~ _ ~ -owp (-2(1-..iJF 1t,0 
""Rr ).,. RT 'J 
Assuming a surface coverage e=9c;~ (i.e., no accumulation of 
produced COX) equat i on 14 reduces to equat ion 15: 
i • 
For high anodic current densities equation 15 can be written, as: 








Equation 16 is the usual Tafel equation for a charge-transfer 
controlled iwo electron reaction. Slope of the plot of "?'!l. log fo r 
the experimental data gives the value of Tafel constant, 
(b = ~~~~BI) and intercept gives constant a(= -2.303 ~ log i
0
). 
From the experimentally derived value of a and b, the exchange . 
current density and charge transfer coefficient was determined. 
29 
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• 
Comparing equation 17 and 6, the Tafel constants a and b were deduced 
as 1.01 and 0.30 respectively. 
At higher current densities, beyond the Tafel limit , the plot of 
log current density and overvoltage followed a non-linear relation-
..... 
ship. This might be caused by a slow desorption of adsorbed cox on 
the anode , Viz. Step II. 
A Langmuir adsorption behavior for COX is assumed , and the rate 
of Step II can be expressed as: 
( 18) 
where Kd and Ka are rate constants for desorption and adsorbtion of 
cox • 9 the surface co verage of cox (ad) and Pcox t he parti al pressure 
of cox gas. f limiting current phenomenon will occur when 9->l . The 
value of the •exchange current density" for Step II, at equilibrium, 
the equation reduces to equations 19 and 20: 
(19) 
(20) 




, [ t H =~ ! , ] (21) 
Solving equation 23 with respect toe gives: 
9 z ! 9 (1-9) + 9 





Under the assumption that o{ = 1/2, the equation 14 reduces to 
equation 23 . 
i = i 
0 
1-8 F"I. 8 -F "t,. 




Substituting 8 value from equation 22 in 23, and omitting the cathodic 
term in equation 23 gives: 
1 




l -F1Z-The slope of the plot i vs exp (--ul, the exchange cuci;ent i
0 
of 
Step I was determined. From the intercept with the o:fiinate in the 
.,.,. 
above plot, the constant term in equation 24 was determined. By 
substituting the 8
0
/ir value in equation 22, the limiting current il 
was calculated when 8->1 (limiting current phenomenon occurs). 
Using the experimental data {linear region of Figure 8), the 
exponential term on the right side of equation 2~ 1.e. exp (- t) 
was calculated. These values are presented i n Table 5. From the 
plot oft as a function of exp (-1tR;). as shown i n Figure 9, by 
linear regression, the following relationship was obtained: 
f = 1.22x104 exp (- !Rf ) + 2.63 (25) 
The correlation coefficient is equal to 0.988. Current densities in 
the range of 0.04 and 0.259 A/cm2 from Table 4 were used to plot 








TABlE s. SUMMARY OF LINITING CURRENT DENSITY CALCULATIONS 
AT 1103K 
1, f z 1 exp (- {fl 
(volts) (Ampers/ca ) T ... 
0.580 0.040 Z5.00 
-3 2.237xl0 
0.616 0.048 20.83 
-3 l.532xl0 




0.663 0.074 13.51 9.342xl0 I 
,) 
0.704 0.091 10.99 
_4 ..--
6.068xl0 
0.745 0.174 5.81 
-4 3.942xl0 
0. 840 0.222 4.50 
-4 1.451x l0 
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were determined to be 2.63 and 8.21 xlO-S respectively. As discussed 
above, substituting 0
0
/ir value in equation 24 and setting 0->l, (i.e. 
0
0
<<1), it reduces to: 
2.63 il = 1 ( 26) 
or 
\ ,. 0.38 A/cm2 
This value of limiting current density is within the range of 
experimentally observed value of 0.25 to 0.4 A/cm2. The effect of ...., 
stirring rate on the anodic overpotential curve was studied J 
qualitatively and it was found that the overpotentials and t 
limiting current density was independant of the stirring rate.Further 
there were no fluctuations i n the current in the limiting current 
density region. If the rate limiting step was due to mass transfer of 
electrolyte through a diffusion boundary layer, the limiting current 
density would have increased with increased stirring rate and 
fluctuations in the current in the limiting current densi\y region due 
to changes in the diffusion boundary layer thickness would have been 
observed. Hence it can be inferred that diffusion through the 
electroyte is not rate controlling and the limiting current phenomenon 
is predominantly due to a blockage effect caused by adsorption of CO 
on the anode surface. 
-· --
34 
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4.2.1 Determination of Oxyfluor1de Complex, (LiOxF2-l: 
• The gases formed a~ the graphite electrode with the addition of 
Li 2o to the electrolyte are CO and or CO2. At the reaction 
temperature of 1103K, the compositi on of the gaseous mixture can be 
calculated as follows: 
Consider the reaction at the graphite electrode 
= 2CO(g) 
·7 
~ G• (at 1103K) = -22033.5 J/mole (30) / _} 
Equilibrium const ant K is written as 
K = 
where ac=l for graphite electrode . . 




Coni>ining equations 28 and 29 and expressing in terms of CO, the 
following equation 30 can be obtained: 
2 Pco + 11.0535 Pco - 11.0535 = o (30) 
35 
solving the equation 30 by quadratic method, Pco = 0.923 atm and Pco2 = 
0.077 atm are deduced. Above calculations indicate both CO and small 
amount of co2 gases are generated during the reaction in the melt. The 
reaction 8 in Step I then can be written for CO and co2 gases as 




A theoretical estimation of Tafel constant b,1 ven by equation 
16 can be made. Considering transfer coefficien~ o(c (cathode) = 
~a (sl--'c) (anode) = 1/2, and from the above equations nunt>er of elec-
trons in the reaction is equal to 2, gas constant R = 8.314 J/mole K, 
Faraday constant, F = 96486.8 J/volt. g equivalent and at temperature 
of the melt, T = 1103 K, the value of b = 0.22 was calculated. Since 
the gas mixture contains both CO and CO2 at different ratios, the 
contribution of CO to bis (0.218x0.923) 0.20 and CO2 is (0.218x0.077) 
0.02. 
The Tafel constant b derived from the experimental data (b = 0.30) 
is higher than the theoretically estimated value (0.22). But it is in 
good agreement with the Tafel constant b a 0.22 to 0.28 V derived from 
the studies on graphite in cryolite melts (32). Using o( = 1/2 and two 
electrons, the exchange current density i
0 
was calculated from Tafel 
constant a in equation 6 is i
0 




magnitude higher than the i
0 
value calculated by equation 25,8.2lxl0-s 
A/cm2. From the above analysis it can be predicted that the melt is 
composed of LiOxF2- oxyfluoride comple Namely, 92.3 S of LiOF2- and 
7.7 S of Li02F






5.0 ELECTROLYSIS OF Li 20 IN LiF-CaF2 MELTS TO ALUMINUM LITHIUM ALLOYS 
Efficiency of the Electrolytic Process: 
0 
The efficiency of electrolysis as a function of temperature and 
composition of the electrolyte was determined. 
The efficiency of the cell in terms of cathode current 
efficiency, KA-h' is defined as: 
Theoretical ampere-hour required 
KA-h = 
Actual ampere-hour required 




= Ampere-hour j per ton of Li 
~-
Energy consumption of the process: 




where I= current, V = cell voltage, t = time required for production 
of one ton of Li, substituting (I t)ac from equation 36, in 37, we 
obtain equation 38. 
V(I t)th X 10-J 
KA-h 
KWH/ton (37) 
The solubility of Li 2o in the electrolyte, liquidous freezing 
point, and anode overvoltage data derived in the previous sections was 
used in carrying out the efficiency experiments, which are discussed 





The same furnace and inert atmosphere chamber used for the anodic 
overvoltage measurements was used for the electrolysis experiments. A .,-
schematic diagram of the furnace and the electrolytic cell is shown in 
Figure 1. The temperature was~asured by a Chromel-Alumel 
thermocouple connected to an OMEGA digital readout temperature 
indicator which has a resolution of one degree centigrade. 
A graphite crucible of 7 cm 1.0., 0.6 cm wall thickness and 1.27 
cm thick bottom was used for all experiments. The anode c~nsisted of a 
7 
3.80 cm dia. and 61 
2.54 cm in diameter 
cm long graphite rod, threaded to a 9}aphite disk 
to obtain sufficient current density (1-2 A/cm2). 
The de power source consisted of a sil i con controlled rectifier with a 
maximum de power output of 20V and 300A. The electrodes were connected 
to the rectifier by copper connectors and welding quality cables 
capable of carrying current up to 200A . While a molten pool of alumi-
num serves as the cathode, connection between the graphite crijcible and 
cable is made through a molybdenum rod 1 cm in diameter. The rectifier 
can produce a constant voltage of 0-20V!_ lOmV and was read by a digital 
multimeter. The current was measured by the potential drop across a 
standard resistance (.001 ohm) connected to a Hewlett Packard digital 
multimeter which has an internal resistance of 100 M ohm. The 
multimeter reads currents to an accuracy of+ .01 ampere. 
The electrolyte constituents, CaF2 and LiF were mixed in the 
stoichiometric proportions and dried in vacuUII overnight at 393 K. 
39 
• 
About 180 g of mixture was used for each experiment. About 150 ---g of 
granul ar aluminum (99.91 pure) was used. The depth of liquid aluminUII 
was 1.3 cm and that of molten electrolyte was 1.8 cm. A weighed 
quantity of lithium oxide was added to the electrolyte to obtain a melt 
sat urated with Li 20. After about two hours ~ ~ stirring by argon gas. 
the graphite anode was slowly lowered into the electrolyte. The 
gr phite disk was completely irrmersed into the electrolyte and the 
electrolysis was started by applying a potential of 4-5 volts to enable 
a current of at least 30 amps (>l amp/cm2 current density) to be 
produced. The applied potential and current was recorded at intervals 
·7 
of one minute till the current fell down to the residual currenf values 
of 3 to 5 amperes. A plot of current as a f unction of electr-<1"6sis time 
is shown in Figure 10 for the electrolysis of 4LiF.CaF2+Li 20(sat.) 
electrolyte. After completion of the electrolysis, alloy samples were 
withdrawn through an alumina tube and a rubber bulb attached to one 
end. The crucible was then removed from the furnace and the liquid 
alloy was poured into a nickel sample cup. 
5.1.1 Chemical analysis of alloys for Lithium 
0.5 · gram samples of the alloy were dissolved in 1:1 concentra-
tion HCl and diluted to obtain solutions containing up to 2.5 ppm Li 
concentration. The solutions were analysed for lithium by atomic 
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- · ~ Fig. 10 Plot of current vs time for the 




5.2 RESULTS AND DISCUSSION 
The use of graphite anode results n a depolarization of the anode 
because of the reaction between oxygen and carbon to form CO~. For the 
electrowinning of lithium overall cell reactions could be written: 
2Li 20(s) + C(s) = 4Li(l) + C02(g) (38) 
The decomposition potential calculated from the free energy data 
(30) for the reaction 1 at 1073K is 1.355 volts. The difference in 
·7 
decomposition potentials of the fluorides and the oxide t5 hown in Table 
6 are suffi cient to render the decomposition of the tl1furide compounds 
unlikely. 
At 1073K, the calculated density of the liquid Al-Li alloy (30 
mole i Li) is 2.15 g/cm3 (33) and that of liquid CaF2-LiF electrolyte 
(79 mole i LiF) is 1.95 g/cm3 (34,35). The density differences of 0.2 
g/cm3 should be sufficient for naaintenance of a bottom liquid Li-Al 
cathode alloy and a top LiF-CaF2 melt in the cell during electrolysis. 
For example, the Hall-Heroult aluminum cell operates with a density 
difference of 0.18 g/cm3 between the bottom liquid aluminum cathode and 
the cryolite electrolyte (36) . From the study of solubility of Li
2
0 in 
4LiF.CaF2 melts (section 3.2) between 1058 to 1133 K, the solubility of 
Li 20 was determined to be 10.1 to 14.8%. Hence for an electrolyte 
weight of 180 g, a weight of 30 to 32 g of Li 2o (16-17 wt.%) wai found 
to be necessary to obtain a system saturated with Li 2o. 
42 
----- - --- --------
• 
-·-
- --- - - ---
TABLE 6. DECOMPOSITION VOLTAGE FOR ELECTROLYTE ANO 
CELL FEED COMPONENTS AT 1073K. 
Compound E0 , volt 
.... 









While the liquidus temperature of composition 4LiF.CaF2 + Li 20 was 
found to be 1004.5 :!:_ 2.5K, it was d fficult to run electrolysis below 
1053 K because the melting point of the electrolyte increases with the 
depletion of Li 20 in the electrolyte and the viscosity of the melt is 
much higher within 20 K above the melting point of electrolyte (37). A 
sunnary of the results of the electrolysis experiments is presented in 
table 7. 
5.2.1 Effect of Temperature 
Effect of temperature on cathode current eff"9i ency with a 
4LiF.CaF2 + Li 20 el ectrolyte is shown in Figure 1~ All experiments 
.,..-
were performed with an applied potential of 5 volts. As seen from the 
figure, the cathode current efficiency (KA-hl increased with increase 
in temperature up to about 1121K and then decreased with further 
increase in temperature. The increase in efficiency may be due to the 
lower viscosity of the electrolyte. The viscosity (37) of the melt has 
a marked influence on the rate of diffusion of the Li+ and o2- ions to 
the respective electrodes. A possible reason for the reduction in 
cathode current efficiency at higher temperatures may be due to the 
back reactions where Li redissolves into the electrolyte. From the 
work done by Dworkin et al (38) on the phase equilibria of Li-LiF 
system, the solubility of Li in LiF is very low, below 1098K, as shown 
in Figure 12. However, a marked increase in solubility occurs above 
1123K. Other alkali M-MF systems also showed similar behavior. Hence, 
it was found to be difficult to attempt to perform electrolysis 




TARLE 7. SUMMARY OF ELECTROLYSIS EXPERIMENTS 
Cathode Power( ' 
Current Consumption Recovery Current Average 
Temp. Electrolyte Effic1 ency KWH/lh Li of L1 Dens1 2y Current 
(K) Composition (1) ('.t) (A/cm) (A) 
.. 
1155 4Li F. Ca F 2 
9.8 60.4 5.6 1.80 68.0 
+Li 20(sat.) 
1136 N 18 .1 43.3 6.7 1.27 49.0 
1121 II 7.4.9 37.fi 8.3 1.34 52.0 
·7 
1099 • 21. 7 43.1 10.5 ) 2 .19 58.0 
.,.-
1076 . 16.R 58.7 20 .1 2.Rl 109.0 
l 057 • 15.5 61.8 6.Q 1. 70 3R.O 
1101 5LIF.CaF2 26.R 
31.8 11. 9 2.37 63.0 
(62.5 wt. '.t L1F) 
1090 7LIF.CaF 2 3fi.4 
25.4 11. 5 1.34 47.0 
(70 Wt. '.t LiF) 




























0 I I I I I I I I I I I I I I I I I J I I I I J I I I I J I I I 
1040 1080 1120 11GO 
TEMPERATURE (k) 
. 
Fig 11. Effect of temperature on electrolysis of 
4LiF .CaF 2 +Li2 O( sa:) elec trolyte on cathode 
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Fig. 12 Alkali metals-Fluorine systems 
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The power consumption as a function of temperature is shown 
in Figure 13. Similar to cathode current efficiency, the power 
consumption reached a minima with 37.6 KWH/lb at 1121K and increased 
with temperature above or~below 1121K. 
As seen from Figure 14, recovery of Li from Li 20 is the highest 
at a temperature of 1076K, 20.lS, and gradually decreased with 
increase in temperature. This behavior can again be explained by the 
lower solubility of Li in LiF at temperatures lower ,an 1093K. 
) 
5.2.2 Effect of Electrolyte Composition 
The effect of electrolyte composition on the cathode current 
efficiency, recovery of Li and power consumption during the elec-
trolysis was studied and results are presented in Figures 15, 16 and 
17 respectively. All experiments were conducted in the temperature 
range of 1090 to 1101K, except the experiment with pure LiF which was 
carried out at 1133K. 
As seen from Figure 15 , the cathode current efficiency increased 
with increase in concentration of LiF in the electrolyte. For example, 
cathode current efficiency increased from 21.7S at 57.14 wt. S LiF to 
431 at 100 wt. S LiF. However, the recovery of Li from Li 2o did not 
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Fig 14. Effect of temperature of electrolysis of 
4LiF.CaF 2 + Li 2 0 (sat .) electrolyte on 
1160 
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Fig 15, Ef fect of composition of eled'ro~te on cathode 
current efficiency in the temperature range of 
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Fig 16. Effe c t of composition of electrolyte on recovery 
of Lithium in the temperature range of 1090K to 
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Effect of composition of electrolyte on power 
co nsumption in the tempera ture range of 1 090K 
to 1101 K except for pure LiF at 1133K 
'Jl 
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The maximum increase in recovery of Li , 13.41, was observed with 
lOOS LiF. As expect ed , the power consumption decreased with concen-
tration of LiF in the electrolyte. A minimum value of power con-
sumption , 23.7 KWH/lb, was obtained with lOOS LiF in the electrolyte. 
From the data obtained at various temperatures and melt compo-
sitons, it could be concluded that t here is an optimum range of 
temperature (1073 to 1123K} at which an efficient electrolysis can be 
obtained. At low temperatures viscosity effects play an important 
role in reducing current efficiency while at higher te~ eratures 
redissolution of Li in electrolyte occurs . Melts wi ). higher LiF work 




1. The solubility of Li 2o in 4LiF CaF2 melts was found to increase 
from 10.6 wt . I at 1058 K to 14.8 wt. i at 1133K. The liquidus 
temperature of ,4LiF.CaF2 + Li 20(sat) melt was determined to be 
1004.5 + 2.SK. Activity coefficient of Li 20 in the melts as a 
function of temperature was deduced. 
2. All anodic overvoltage vs log current density plots using a 
graphite anode, graphite reference electrode and 4LiF.CaF2 + Li 2o 
(sat) melt, showed a straight line relati<Utship indicating a 
7 
charge transfer controlled reaction. A J lue of~= 1.01 + 0.30 
log i was obtained for the straight line region, with a Tafel 
slope of 0.30. A 2-electron controlled charge transfer reaction 
for the reaction between the complex oxyfluoride and the graphite 
anode was proposed and the complex species was predicted as 
LiOF2- and Li02F
2- Limiting current density of 0.37 A/cm2 in 
the melt was deduced. From the anodic polarization data, it was 
observed that a potential of at least 1.1 Volts is required in 
addition to the decomposition potential for electrolysis. · From 
observations on the effect of stirring rate on the limiting 
current density, a limiting current phenomenon due to adsorption 
of CO on the anode surface was i nferred. 
3. Electrolysis of Li 2o in LiF-CaF2 electrolyte was studied as a 
function of temperature and composition using a liquid Al cathode 





value of 24.SS at 1121K and the power consumption showed a 
mi nimum of 37.6 KWH/lb of lithium. Higher viscosity of the melt 
at lower temperatures and redissolution of Li at higher 
temperatures gave l ower values for cathode current efficiency. 
The cathode current efficiency increased with increasing wt. S 
' 
of LiF in the electrolyte and the power consumption showed a 
reverse trend. Higher cathode current efficiency (43S) and lower 
power consumpti on of 23.7 KWH/lb was obtained with pure 
LiF+Li 20(sat.) as electrolyte at 1133K. 
~ 
An optimum cathode current efficiency of 24S at 1121K wit) 
4LiF.CaF2+Li 20(sat.) electrolyte and 36S with / . 
7LiF.CaF2+Li 20(sat.) electrolyte was obt ained. The cell 
efficiency can be improved by reducing l iquidus temperature of 
the electrolyte. Further studies on the effect of fluoride 
additions to form low melting electrolytes is recommended. 
Finally, it must be mentioned that the above process offers a 
viable alternative to the existing methods of producing aluminum 
lithium alloys and measures to optimise the process parameters 
would go a long way in improving the cell eff i ciency . 
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1. Error Estimation 
The total error involved in the estimation of liquidus 
composition of Li 20 is as follows: 
ET (S) = Eca (S) + Eli (S) + EF (S) + Eo(S) 
In the analysis of Ca and Li by atomic absorption spectrometry, 
Eca (S) = + o.64 
Eli (S) = + 0.44 
In the analysis of F by the ion selective electrode method, 
EF ( S) :z + 0 . 5 
In the analysis of Oby the inert gas fusion 
Eo (S) = + O.SS 
Total maximum error=+ 2.181 




In section 4. the following cell parameters were used in 
determining the efficiency of the cell. 
a. Cathode current efficiency 
The cathode current efficiency (C.C.E. in S) is expressed as the 
ratio of the theoretical ampere hours required to deposit lithium .to 
the actual ampere hours consumed to deposit the same quantity of 
metal. At lOOS efficiency, it requires 3.828 ampere hours to deposit 
one gram of lithium. 
60 
• 
b. Energy consumption 
This quantity in kilowatt hours per pound can be defined as the 
actual energy required to deposit one pound of lithium in the 
al umi nui1 . 
c. Recovery of lithium 
• 
This quantity is expressed as the ratio of actual weight of 
lithium deposited to weight of lithium added in the form of lithiua 
oxide. 
-, 
A detailed calculation of the cell effi cjency is provided below 
for the electrolysis of 4L i F.CaF2 + Li 20 ( sat) electrolyte at 1076K. 
Data 
weight of electrolyte= 187.1 g 
weight of aluminum 2 150.0 g 
weight of lithilDII oxide a 35.8 g 
weight of alloy recovered= 139.2 g 
time of electrolysis a 78 minutes 
surface area of anode in contact with electrolyte= 38.73 cm2 
average voltage= 5.14 volts 
average current= 109 amperes 
total ampere hours consumed= 77.08 
total power consumed 2 437 watt hours 
61 
• 
The total ampere hours and total power (watt hours) were 
calculated from measurements of current and voltage at an inter al of 
2 minutes. 
A total of 5 samples were analysed for lithium eontent with an 
average of 2.43 weight i of lithium 
average weight of lithium deposited= 3.382 g 
It would r~quire 12.946 ampere hours to deposit 3.382 grams of 
62 
lithium at l00S cathode current efficiency, hence the average cathode -7 
current efficiency (S) } 
:,: 
12.946 
77:"lr8 x l00S = 16.8S 
It required 437 watt hours to deposit 3.382 grams of li t hium. 
Hence power consumed per pound of lithium deposited 
= 0.437 °T.1B'2 x 454 = 58.66 KWH/lb 
A quantity of 3.382 grams of lithium was recovered from 35.8 
grams of lithium oxide. 
Hence recovery of lithium= 
= 
--..... -
3.38 X 100 
35.8 X 0.4666 
20.24 S 
.,.-
